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Abstract
To assess the quality of food grains, it is necessary to consider the following two aspects:
their general characteristics and their intrinsic quality. Analyzing the quality of wheat
kernels  is  complex due to the particularity of  wheat proteins and the diversity of
products that can be developed. In contrast, basic factors are used to assess quality
aspects, with a focus on kernel hardness. This parameter is usually measured by the
force that is required to make the grain rupture.  The application of force must be
controlled, and hence, the grain will exhibit other mechanical attributes and behavio‐
ral characteristics that can be used to evaluate it more objectively. This has led to the
development of nondestructive evaluation methods based on the mechanical proper‐
ties of kernels. This review carried out research on grain wheat, in which the main
objective was to evaluate mechanical properties, including the viscoelasticity of the
wheat kernels, by using compression tests. The study examined different methods of
applying those  techniques  and the  parameters  they  evaluated.  Finally,  the  results
obtained by the different investigation groups that applied the compression tests on
wheat kernels were discussed.
Keywords: wheat kernels, mechanical properties, viscoelasticity, compression, hard‐
ness
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1. Introduction
Wheat is one of the cereals with the highest production worldwide, occupying the second
place after rice, with an annual production of 600 million tons per year, almost 70% of which
is used by the food industry [1–3]. Triticum aestivum (genetically hexaploid) is distinguished
from other species in commercial terms and includes two grain categories, that is, soft and
hard, that are both destined for the production of flours used in the preparation of bakery
products. In contrast, Triticum durum (genetically tetraploid) is used to obtain semolina to
produce pastas [4].
The commercial value of wheat is characterized by its unique property to form dough. This
attribute basically depends on the structure and interaction between the storage proteins of
the grain and the gluten fraction, which gives this grain an advantage over other cereals [2].
The industrial quality of wheat is evaluated mainly by the physical, chemical and rheological
parameters related to its milling and bakery properties [5].
The latter conducted several investigations that focused on developing methods and evalua‐
tion techniques to increase the efficiency of the selection, processing, merchandising and end
use of grains [6]. The study of the mechanical properties of wheat grains offers acceptable
quality criteria during the milling process, specifically the conditioning parameters, the
optimization of energy consumption and the quality of the produced flour.
The mechanical properties as “those related with the behavior of the material under the
application of forces” [7], which are linked to the structure, physical state and rheological
properties of solid and semisolid materials, which are, in turn, also related to the stress and
strain parameters [8, 9]. The study of the mechanical properties of biological materials is
complicated and is more complex when these properties are determined in kernels that have
small dimensions or elaborate geometric shapes [10], materials that possess a heterogenic
nature or those that exhibit viscoelastic behavior [11].
The evaluation of mechanical properties is carried out by using uniaxial compression tests,
which require a deformation of the material that may or may not be permanent. Specifically
for wheat kernels, the most important properties are the fracture strength and hardness, and
both parameters are highly correlated with yield calculations and milling efficiency [12]. By
applying tests to evaluate the fundamental mechanical properties of a material, it is possible
to clarify more detailed aspects about the material that are not necessarily dependent on the
sample geometry, loading conditions, or equipment used during the evaluation [13].
The aim of this chapter is to review the studies that have evaluated the advantages and
disadvantages of the mechanical properties of intact wheat kernels by using compression tests
and their relations to some aspects of quality.
2. Mechanical properties and compression tests on grains
The analyses performed on intact kernels represent a nondestructive, rapid, objective and
complementary evaluation alternative to other methods. This method generates interesting
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information about the original state of raw materials and the possible functionality of the
product [14]. The compression tests contribute substantially to the determination of the
mechanical properties and other control aspects of the quality of the kernels, for example in
grain flow systems. It is important to determine the material mechanical properties as well as
the strain on individual kernels [15, 16].
The study of the stress-strain behavior in grains in their natural state is an interesting approach
that provides measurements and objective data and could be used to improve specific
processes applied to kernels [17]. However, when a kernel is cut or dissected, its structure and
mechanical behavior are modified, particularly when the grain is small. To obtain reliable data,
the mechanical properties of biomaterials must be evaluated by using intact kernels [11].
The determination of mechanical properties by compression tests comes from the information
provided by a force-strain curve. Some concepts, such as the elastic limit, inflection point, yield
point, rupture, apparent elasticity modulus, force and maximum resistance, can be realized
from the curve. Those concepts are based on the application of quasi-static loads instead of
impact loads [13, 18, 19]. Hooke’s law does not apply during the compression of agricultural
materials because these materials’ properties are greatly affected by other factors, such as the
moisture content and temperature [20].
The stress-strain response of grains to compression is determined by the following two aspects:
(a) the shape and type of the applied compression (space between surfaces, velocity, sample
orientation, among others) and (b) botanical differences in the kernel layers at the compression
momentum [21]. The type of equipment, specific conditions of sample preparation, sample
geometry and the test velocity must be considered during compression assays [19, 22].
The compression tests are commonly performed at a constant velocity or constant strain. The
latter implies that strain increases due to the progressive reduction in the longitude (length),
which means that if a fracture is present in the material, the stress-strain curve will show a
tendency to decline, despite the deformation and the effect of the increase in velocity. On the
contrary, if a contact mechanism dominates, the curve will shows an increase on the slope
under a higher velocity, implying an increase in strain [23].
The mechanical behavior of kernels under load compression is time dependent, which means
that their characterization should consider the principles of the viscoelastic theory. Viscoelastic
materials exhibit the stress-relaxation phenomenon, mainly when sufficiently small stresses
are applied. This behavior may be represented by the Maxwell’s generalized model [7, 11, 18,
24], which is the Debora’s number, a key of the dimensional groups [25].
The most efficient way to evaluate the stress-relaxation phenomenon was through the
application of constant deformation (commonly by compression) and measuring the stress as
a function of time. The tests at a constant deformation velocity allowed the simultaneous
determination of the losses of the relaxation properties [26]. Starting from this point, Khazaei
and Mann [27] established that the relaxation time determines how the material dissipates the
stress after a rapid and sudden deformation was applied such that the result of the relaxation
test could be useful in estimating the susceptibility of materials to damage. The evaluation of
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mechanical properties in grains is particularly difficult because these parameters may be
seriously affected by the percentage of strain, temperature and moisture content [6].
3. Mechanical properties on intact kernel
3.1. Hardness
Hardness has been considered the principal quality parameter of wheat kernels. Hardness
delimits the nature of the product that will be elaborated [28]; however, other mechanical
properties are essential to design the equipment used in postharvest and processing operations
[3]. Marzec et al. [29] defined hardness as the mechanical resistance of the caryopsides to be
modified in their nature or as a property that is determined by the measure of their behavior
during focal deformation. Grain hardness is governed by genetic factors, and the locus
hardness (Ha) is located on the short arm of the 5D chromosome, which allows the association
of this grain’s characteristics and environmental conditions during plant growth [30–32].
Soft, hard and durum wheat are genetically considered qualitative classes, depending on the
presence and nature of puroindolin [4]. In contrast, Gazza et al. [33] reported that hereditary
factors and mechanical properties are related, though there were no correlations between grain
hardness and the puroindolin levels in soft and hard wheat. Osborne et al. [34] noted that the
hardness of soft wheat is related to the fracture along the interphase starch/protein, whereas
in hard wheat, adhesion on the interphase starch/protein is higher and is located at the cell
limits.
The endosperm is the largest component of grains (>80% of weight) and is 63–72% composed
of starch granules [4]. Other studies [35–37] consider that the grain hardness is determined
mainly by the degree of adhesion between the starch granules and the protein matrix, whereas
the endosperm density is affected by the fracture force [38].
During wheat milling, the main parameter that influences the process quality is the difference
between the mechanical properties of bran and endosperm; thus, after the bran is removed,
less energy is required to continue the milling [39]. Both, the endosperm and bran affect grain
hardness [40]. In addition to the properties of intact wheat kernel properties, physical prop‐
erties of endosperm are associated to the way of how the kernels breaks [37, 41].
Hardness is the factor that mostly affected the mechanical behavior of grains. However, there
is no universally accepted definition of hardness. Some authors describe it as an individual
mechanical property of a single kernel or some endosperm fragments, but it is also known as
the resistance to strain or breaking. The concepts and terms used to define hardness are very
extensive, as are the methods used to measure the hardness, and it is thus difficult to evaluate
[1]. There is little information about the hardness of wheat kernel and its relation to other
fundamental mechanical properties [15].
Since the early 1900s, studies have focused on evaluating the hardness of wheat grain. Lai et
al. [42] cited Robert, who in 1910, designed equipment to quantitatively measure the fracture
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force of individual kernels to detect differences among hardness levels. Later, researchers
developed automated equipment (CASK-HaT) that was capable of measuring the stress-strain
relation between compression and the fracture force of intact kernels, thus creating the ability
to distinguish between mixes of soft and hard wheat with high reliability.
Pomeranz et al. [43] developed a semiautomatic feeder instrument to measure hardness
characteristics that considered the moisture content and grain size. Individual kernels were
compressed between two flat surfaces, which allowed the evaluation to differentiate the degree
of hardness of soft and hard wheat mixes. Nevertheless, the authors concluded that the
measurements and results were strongly affected by the heterogeneity among grains (size
differences and moisture content). Over time, there have been multiple equipment designs for
evaluating grain hardness by applying compression loads or methods supported by cutting
and puncture tests [14, 44, 45].
3.2. Elastic modulus
In addition to hardness, the elastic modulus, or Young’s modulus, is considered an interesting
mechanical property due to its viscoelastic nature. Shelef and Mohsenin [46] performed an
experiment in which four uniaxial compression methods were evaluated in the determination
of the elastic modulus on individual wheat kernels. The results concluded that the data
obtained were dependent on the method that was used. Moreover, the moisture content and
kernel size significantly affected those measurements.
Afkari and Minaei [15] applied a quasi-static load (at a constant velocity) on soft and hard
intact wheat kernels at two moisture content levels. The values of the apparent elastic moduli
were higher in hard wheat varieties with a low moisture content. In the same way, from the
data obtained from the stress-strain curves, it was possible to differentiate between wheat
varieties, and the effects of the geometry and shape of the kernels were detected. Elbatawi and
Arafa [28] performed a test of inflection on three points, and the force distribution on the
rupture of wheat kernels was determined. It was also found that forces were significantly
related not to the width and height of kernels but to their thickness. The values of the apparent
elastic moduli, inflection force and fracture force increased as the moisture content decreased.
Khodabakhshian and Emadi [17] described the importance of evaluating the elastic modulus
by using intact kernels. They considered that this parameter allowed the measurement of
firmness (a texture attribute) and that it is possible to determine the fracture stress by using
the elasticity theory. The indentation as an alternative method to compression with parallel
plates to assess Young’s modulus. They established that when a load was applied and released
at the same velocity, it was possible to evaluate the viscoelasticity (elastic and plastic work) of
materials [47].
3.3. Viscoelasticity
Ponce-García et al. [6] proposed and validated an innovative method of using the compression
load to evaluate the viscoelastic properties by using intact soft, hard and durum wheat kernels
at different moisture levels. The viscoelastic behavior of the wheat kernels was calculated using
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compression experiments. The total work of compression was determined from the loading/
unloading curve (Figure 1), represented by the Maxwell’s generalized model. The area under
the loading curve gives the total work done (Wt) by the loading device during compression.
The reversible elastic contribution (We) of the total work can be deduced from the area under
the unloading curve, and the energy absorbed by plastic deformation (Wp) alone is the
difference between the two (Wp = Wt – We). The results showed that the yield point presented
a similar fracture force in all samples, independent of the wheat class and moisture level,
whereas the tendency of the force-deformation curves allowed the determination that hard
wheat kernels showed a higher plastic work than durum wheat and thus had a higher elastic
behavior.
Figure 1. Compression cycle schematic. Abbreviations: Fmax, maximum load; Wp, plastic work dissipated; We, elastic
work performed during unloading; and Wt, total work. In Maxwell’s generalized model, piston and spring represents
dissipated and elastic work, respectively.
Using the latter method, Ponce-García et al. [48] evaluated the viscoelastic behavior of
individual wheat kernels at two different moisture content levels through the uniaxial
compression test under small strain (3%) to create experimental conditions that allowed the
use of the elasticity theory to explain the viscoelasticity of wheat kernels. The results showed
that this method could be a useful tool to distinguish among wheat classes, cultivars, and
different moisture levels in the kernels.
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The viscoelastic behavior of wheat that genotypically differs in the composition of their high
molecular glutenins subunits (HMW-GS) was evaluated [49]. Those authors performed
uniaxial compression tests and electrophoresis on polyacrylamide gels in presence of dodecyl
sodium sulfate (SDS-PAGE) and reported an association among the viscoelastic properties of
grains, the HMW-GS composition, and the viscoelastic parameters of gluten. The general
tendency was that greater size and elastic work of the kernel corresponded to the best
rheological quality of dough.
We are continuously looking to establish relations among protein composition, viscoelastic
properties of dough, and bakery quality. In that sense, Figueroa et al. [50] conducted uniaxial
compression and stress-relaxation tests on intact wheat kernels. The force-deformation curves
showed at least two inflection points: the first was related to the mechanical properties of bran
layers, and the second was related to the closer limit to the aleurone layer. It was concluded
that bran layers showed a higher degree of elasticity than did those inside the endosperm.
The mechanical properties of wheat bran were significantly correlated with the elastic behavior
of intact kernels and are related to the sedimentation volume, allelic composition of glutenin
subunits, and elastic work. In the same manner, there was a directly proportional relation
between the elastic modulus and kernel size. In general, kernels of hard wheat showed higher
elasticity and better quality than soft wheat did [51–53].
3.4. Resistance to fracture
Several investigations have described the behavior of grains as a function of their resistance
to fracture. Because of this description, the evaluation of mechanical properties of wheat
kernels is strongly related to the milling processes.
Milling is a unitary operation that reduces the average volume of solid particles by dividing
and/or fractioning a solid sample. The applied force depends on the magnitude, direction and
velocity and allows the particles to absorb the force as a form of tension, which produces a
deformation in their structure [54]. Nevertheless, when a limit is exceeded, the material is
fractured, thereby provoking new surfaces. The amount of energy necessary for milling is a
function of the initial and final size, the applied force and the characteristics of the raw material.
Other factors that limit the reduction in size should be considered, such as the moisture and
lipid contents and the sample geometry.
Gorji et al. [3] measured the resistance to fracture in terms of force and energy. The load
application was carried out by placing the conditioned (tempered) grains at three moisture
levels in vertical and horizontal positions and evaluating the grains at two load speeds. The
force required to initiate the kernel fracture decreased when the moisture content increased.
It was also established that grains in horizontal positions were more elastic and that the
mechanical maximum force was associated with low moisture contents and lower test speeds.
In a similar study, Kalkan and Kara [55] determined the effect of the moisture content on
individual wheat kernels submitted to quasi-static compression loads in two directions: (X-X)
and (Y-Y). The force of rupture values in grains decreased with the increase in the moisture
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levels and was higher for the X-X orientation. In general, the strain of grains obtained by the
rupture values showed irregular variations, independent of the moisture content.
Marzec et al. [29] developed a method that uses mechanical tests of uniaxial compression and
acoustic emission to determine the quality parameters for wheat grains. The mechanical assays
showed the prevalence of significant differences in almost all mechanical properties. The
standard deviation was sufficiently wide to reveal the heterogeneity of the biological material,
which is caused by the interactions that occur inside the endosperm between protein compo‐
nents and starch granules.
Finally, it can be established that studies that have reported on applying compression loads to
intact wheat kernel make the measurement of mechanical properties possible, which have to
be considered in future works to improve the quality and development of nondestructive
methods in the evaluation of different agricultural products. It is worth noting that one of the
problems affecting destructive evaluations of grains is the dissection and cutting of the sample,
which make some evaluations impossible to perform. Non-destructive analyses on intact
wheat kernels diminish those drawbacks and are quick tests [35].
4. Conclusion
Stress, strain, elastic modulus, stress deformation, viscoelasticity, fracture resistance and
hardness are the principal mechanical properties evaluated in intact wheat kernels. Hardness
clearly dominates due to its close relation with other quality characteristics of the kernels.
The moisture content is the main factor that affects the mechanical properties of grains. In
general, the mechanical resistance and deformation capacity of wheat kernels decrease and
increase, respectively, when the moisture content is higher. The latter applies because the
energy absorption capacity is higher in moist grains than in dry grains, which incrementally
increase the mechanical resistance during compression loading.
The separation of rheological parameters during kernel evaluations, such as the elastic,
viscoelastic and viscous flow properties, allows the indirect measurement of wheat character‐
istics associated with the chemical composition (including nongluten components) and classes.
The evaluation of mechanical properties from applying compression loads on intact kernels
provides important and useful information that could be considered to optimize and improve
related aspects of postharvest and processing. The determination of mechanical properties
should not be considered a unique method of evaluation to establish grain quality. However,
it might be considered an alternative and helpful supplementary tool and complementary of
other analyses.
Wheat kernels manifest a time-dependent behavior similar to other viscoelastic materials.
Nevertheless, it is important to notice, at all possible times, the differences among the equip‐
ment, methods, moisture content and geometry of the grains during the development of tests.
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Finally, to take advantage of the major benefits of the potential of raw materials in their natural
state (intact kernel), the creation of a database that allows the evaluation of different wheat
classes and cultivars according to their specific mechanical properties is recommended.
Author details
Néstor Ponce-García1,2, Benjamín Ramírez-Wong2*, Anayansi Escalante-Aburto3,2,
Patricia I. Torres-Chávez2 and Juan de Dios Figueroa-Cárdenas4
*Address all correspondence to: bramirez@guaymas.uson.mx
1 Faculty of Agricultural Sciences, Autonomous University of Mexico State, Toluca, Estado de
Mexico, Mexico
2 Research and Graduate Studies in Food Department, University of Sonora, Calle Rosales y
Blvd, Sonora, Mexico
3 University of Monterrey, Health Sciences Division, Nutrition Department, Av. Ignacio Mo‐
rones Prieto Poniente, San Pedro Garza Garcia, Nuevo Leon, Mexico
4 Center of Research and Advanced Studies (CINVESTAV-Queretaro), Fracc. Real de Juri‐
quilla, Queretaro, Mexico
References
[1] Dziki D, Laskowski J. Wheat kernel physical properties and milling process. Acta
Agrophysica. 2005; 6:59–71.
[2] Shewry PR. Wheat. Darwin review. Journal of Experimental Botany. 2009;60:1537–
1553. DOI: 10.1093/jxb/erp058
[3] Gorji A, Rajabipour A, Tavakoli H. Fracture resistance of wheat grain as a function of
moisture content, loading rate and grain orientation. Australian Journal Crop Science.
2010;4:448–452.
[4] Topin V, Radjai F, Delene JY, Mabille F. Mechanical modeling of wheat hardness and
fragmentation. Powder Technology. 2009;190:215–220. DOI: 10.1016/j.powtec.
2008.04.070
[5] Espitia RE, Villaseñor MHE, Peña BRJ, Huerta EJ, Limón OA. industrial quality of 28
Mexican hard seasonal wheat. II. Genetic variability and quality selection criteria.
Magazine of Mexican Phytotechnique.2004;27:41–47.
Mechanical Properties in Wheat (Triticum aestivum) Kernels Evaluated by Compression Tests: A Review
http://dx.doi.org/10.5772/64171
29
[6] Ponce-García N, Figueroa JDC, López-Huape GA, Martínez HE, Martínez-Peniche R.
Study of viscoelastic properties of wheat kernels using compression load method.
Cereal Chemistry. 2008;85:667–672. DOI: dx.doi.org/10.1094/CCHEM-12-12-0166-R
[7] Mohsenin NN. Physical Properties of Plant and Animal Materials. Structure, Physical
Characteristics and Mechanical Properties. 2nd ed. New York: Gordon and Breach
Science Publishers; 1970. 17 p.
[8] Gates FK, Dobraszczyk BJ. Mechanical properties of oats and oats products. Review
article. Agricultural and Food Science. 2004;13:113–123.
[9] Barbosa-Cánovas GV, Juliano P, Peleg M. Engineering properties of foods. In: Barbosa-
Cánovas GV, editor. Encyclopedia of Life Support Systems (EOLSS). Developed under
the Auspices of the UNESCO. Oxford: EOLSS Publishers; 2006. pp. 50–69.
[10] Shitanda D, Nishiyama Y, Koide S. Compressive strength properties of rough rice
considering variation of contact area. Journal of Food Engineering. 2002;53:53–58. DOI:
10.1016/S0260-8774(01)00139-X
[11] Singh SS, Finner MF, Rohatgi PK, Buelow FH, Schaller M. Structural and mechanicals
properties of corn kernels: a hybrid composite material. Journal of Materials Science.
1991;26:274–284. DOI: 0022-2461/91
[12] Mabille F, Abecassis J. Parametric modelling of wheat grain morphology: a new
perspective. Journal of Cereal Science. 2003;37:43–53. DOI: 10.1006/jcrs.2002.0474
[13] Cenkowski S, Bielewicz J, Britton MG. A single kernel creep and recovery test. Trans‐
actions of the ASAE. 1991;34:2484–2490. DOI: 0001-2351/91/3406-2484
[14] Eckhoff SR, Supak WA, Davis AB. A rapid single-kernel wheat hardness tester. Cereal
Chemistry. 1988;65:503–508.
[15] Afkari SAH, Minaei S. Behavior of wheat kernels under quasi-static loading and its
relation to grain hardness. Journal of Agricultural Science Technology. 2004;6:11–19.
[16] Raji AO, Favier JF. Model for the deformation in agricultural and food particulate
materials under bulk compressive loading using discrete element method. I: theory,
model development and validation. Journal of Food Engineering. 2004;64:359–371.
DOI: 10.1016/j.jfoodeng.2003.11.004
[17] Khodabakhshian R, Emadi B. Determination of modulus of elasticity in agricultural
seeds on the basis of elasticity theory. Middle-East Journal of Scientific Research.
2011;7:367–373.
[18] Bargale PC, Irudayaraj J. Mechanical strength and rheological behavior of barley
kernels. International Journal of Food Science and Technology. 1995;30:609–623. DOI:
10.1111/j.1365-2621.1995.tb01409.x
[19] ASAE Standard. American Society of Agricultural Engineers. Compression test of
materials of convex shape. Transactions of the ASAE. 2003;3:595–603.
Viscoelastic and Viscoplastic Materials30
[20] Delwiche SR. Wheat endosperm compressive strength properties as affected by
moisture. Transactions of the ASAE. 2000;43:365–373. DOI: 10.13031/2013.2713
[21] Anderssen RS, Haraszi R. Characterizing and exploiting the rheology of wheat
hardness. European Food Research and Technology. 2009;229:159–174. DOI: 10.1007/
s00217-009-1037-9
[22] Timbers GE, Stanley LM, Watson EL. Determining modulus of elasticity in agricultural
products by loaded plungers. Agricultural Engineering. 1965;46:274–275.
[23] Peleg M. Contact and fracture elements as components of the rheological memory of
solid foods. Journal of Texture Studies. 1977;8:67–76. DOI: 10.1111/j.
1745-4603.1977.tb01164.x
[24] Chen P, Fridley RB. Analytical method for determining viscoelastic constants of
agricultural materials. Transactions of the ASAE. 1972;15:1103–1106. DOI:
10.13031/2013.38080
[25] Borwankar RP. Food texture and rheology: a tutorial review. Journal of Food Engi‐
neering. 1992;16:1–16. DOI: 10.1016/0260-8774(92)90016-Y
[26] Waanenen K, Okos MR. Stress-relaxation properties of yellow-dent corn kernels under
uniaxial loading. Transactions of the ASAE. 1992;35:1249–1258. DOI:
10.13031/2013.28727
[27] Khazaei J, Mann DD. Effects of moisture content and number of loadings on force
relaxation behaviour of chickpea kernels. International Agrophysics. 2005;19:305–313.
[28] Elbatawi IE, Arafa GK. Factors affecting breaking force distribution of wheat kernel
before milling. Misr Journal of Agricultural Engineering. 2008;25:1004–1025.
[29] Marzec A, Cacak-Pietrzak G, Gondek E. Mechanical and acoustic properties of spring
wheat versus its technological quality factors. Journal of Texture Studies. 2011;42:319–
329. DOI: 10.1111/j.1745-4603.2011.00284.x
[30] Greffeuille V, Abecassis J, Rousset M, Oury FX, Faye A, Bar LC, Lullien-Pellerin V.
Grain characterization and milling behaviour of near-isogenic lines differing by
hardness. Theoretical and Applied Genetics. 2006;1141:1–12. DOI: 10.1007/
s00122-006-0403-2
[31] Lillemo M, Chen F, Xia X, William M, Peña RJ, Trethowan R, He Z. Puroindoline grain
hardness alleles in CIMMYT bread wheat germplasm. Journal of Cereal Science.
2006;44:86–92. DOI: 10.1016/j.jcs.2006.03.004
[32] Véha A. Correlation between the kernel structure and the quality parameters on some
Hungarian winter wheat varieties. Cereal Research Communications. 2007;35:1289–
1292. DOI: 10.1556/CRC.35.2007.2.281
Mechanical Properties in Wheat (Triticum aestivum) Kernels Evaluated by Compression Tests: A Review
http://dx.doi.org/10.5772/64171
31
[33] Gazza L, Taddei F, Corbellini M, Cacciatori P, Pogna NE. Genetic and environmental
factors affecting grain texture in common wheat. Journal of Cereal Science. 2008;47:52–
58. DOI: 10.1016/j.jcs.2007.01.004
[34] Osborne BG, Henry RJ, Southan MD. Assessment of commercial milling potential of
hard wheat by measurement of the rheological properties of whole grain. Journal of
Cereal Science. 2007;45:122–127. DOI: 10.1016/j.jcs.2006.07.005
[35] Nielsen JP, Pedersen DK, Munck L. Development of nondestructive screening methods
for single kernel characterization of wheat. Cereal Chemistry. 2003;80:274–280. DOI:
10.1094/CCHEM.2003.80.3.274
[36] Greffeuille V, Mabille F, Rousset M, Oury FX, Abecassis J, Lullien-Pellerin V. Mechan‐
ical properties of outlayers from near-isogenic lines of common wheat differing in
hardness. Journal of Cereal Science. 2007;45:227–235. DOI: 10.1016/j.jcs.2006.09.002
[37] Hrusková M, Švec I. Wheat hardness in relation with other quality factors. Czech
Journal of Food Science. 2009;4:240–248.
[38] Dobraszczyk BJ, Whitworth MB, Vincent JFV, Khan AA. Single kernel wheat hardness
and fracture properties in relation to density and the modelling of fracture in wheat
endosperm. Journal of Cereal Science. 2002;35:245–263. DOI: 10.1006/jcrs.2001.0399
[39] Peyron S, Chaury M, Rouau X, Abecassis J. Relationship between bran mechanical
properties and milling behavior of durum wheat. Influence of tissue thickness and cell
wall structure. Journal of Cereal Science. 2002;36:377–386. DOI: 10.1006/jcrs.2002.0473
[40] Dziki D, Laskowski J. Influence of wheat grain mechanical properties on grindinge‐
nergy requirements. TEKA Commission of Motorization and Energetics in Agriculture.
2006;6A:45–52.
[41] Evers T, Millar S. Cereal grain structure and development: some implications for
quality. Journal of Cereal Science. 2002;36:261–284. DOI: 10.1006/jcrs.2002.0435
[42] Lai FS, Rousser R, Brabec D, Pomeranz Y. Determination of hardness in wheat mixtures.
II. Apparatus for automated measurement of hardness of single kernels. Cereal
Chemistry. 1985;62:178–184.
[43] Pomeranz Y, Martin CR, Rousser R, Brabec D, Lai FS. Wheat hardness determined by
a single kernel compression instrument with semiautomated feeder. Cereal Chemistry.
1988;65:86–94.
[44] Katz R, Cardwell AB, Collins ND, Hostetter AD. A new grain hardness tester. Cereal
Chemistry. 1959;36:393–401.
[45] Glenn GM. Method for classifying wheat kernels as hard or soft. US pat N°5,056,721.
1991.
[46] Shelef L, Mohsenin NN. Evaluation of modulus of elasticity of wheat grain. Cereal
Chemistry. 1967;44:392–402.
Viscoelastic and Viscoplastic Materials32
[47] Gubicza J, Juhász A, Arató P, Szommer P, Tasnádi P, Vörös G. Elastic modulus
determination from depth sensing indentation testing. Journal of Materials Science
Letters. 1996;15:2141–2144. DOI: 10.1007/BF00241151
[48] Ponce-García N, Ramírez-Wong B, Torres-Chávez PI, Figueroa-Cárdenas JD, Serna-
Saldívar SO, Cortez-Rocha MO. Effect of moisture content on the viscoelastic properties
of individual wheat kernels evaluated by the uniaxial compression test under small
strain. Cereal Chemistry. 2013;90:558–563. DOI: 10.1094/CCHEM-12-12-0166-R
[49] Figueroa JDC, Maucher T, Reule W, Peña RJ. Influence of high molecular weight
glutenins on viscoelastic properties of intact wheat kernel and relation to functional
properties of wheat dough. Cereal Chemistry. 2009:86:139–144. DOI: 10.1094/
CCHEM-86-2-0139
[50] Figueroa JDC, Hernández ZJE, Véles JJ, Rayas-Duarte P, Martínez-Flores HE, Ponce-
García N. Evaluation of degree of elasticity and other mechanical properties of wheat
kernels. Cereal Chemistry. 2011a;88:12–18. DOI: 10.1094/CCHEM-04-10-0065
[51] Figueroa JDC, Peña RJ, Maucher T, Rayas-Duarte P, Khan K. Kernel elastic properties
and sedimentation: influence of high and low molecular weight glutenin allelic
composition. Cereal Chemistry. 2011b;88:41–44. DOI: 10.1094/ CCHEM-10-09-0142
[52] Figueroa JDC, Peña RJ, Rayas-Duarte P, Khan K. Influence of low molecular weight
glutenin subunits on wheat kernel elasticity and sedimentation volume. Cereal
Research Communications. 2011c;39:237–245. DOI: 10.1556/CRC.39.2011.2.7
[53] Figueroa JDC, Ramírez-Wong B, Peña J, Khan K, Rayas-Duarte P. Potential use of the
elastic properties of intact wheat kernels to estimate millings, rheological and bread‐
making quality of wheat. In: Chibbar RN, Dexter J, editors. Wheat Science Dyamics:
Challenges and Opportunities. Jodhpur: Agrobios (International); 2011d. pp. 317–325.
[54] Cortazar-Figueroa LM, Meléndez-Pérez R, Oliver-Hernández DM. Energy consump‐
tion and particle size distribution on cinnamon (Cinnamomum zeylanicum) and black
pepper (Piper niger L.) milling. Mexican Magazine of Chemical Engineering.2008;7:123–
130.
[55] Kalkan F, Kara M. Handling, frictional and technological properties of wheat as affected
by moisture content and cultivar. Powder Technology. 2011;213:116–122. DOI: 10.1016/
j.powtec.2011.07.015
Mechanical Properties in Wheat (Triticum aestivum) Kernels Evaluated by Compression Tests: A Review
http://dx.doi.org/10.5772/64171
33

